The Microwave Anisotropy Probe mission is designed to produce a map of the cosmic microwave background radiation over the entire celestial sphere by executing a fast spin and a slow precession of its spin axis about the Sun line to obtain a highly interconnected set of measurements.
Introduction
The Microwave Anisotropy Probe (MAP), the second Medium-Class Explorer (MIDEX) mission, was launched on June 30, 2001 as a follow-on to the Cosmic Background Explorer (COBE) satellite, which made unprecedented measurements of the Cosmic Microwave Background (CMB) that is believed to be a remnant of the Big Bang marking the birth of the universe.
The Differential Microwave Radiometer (DMR) instrument on COBE made the first measurement of the anisotropy in the temperature of the CMB, other than the dipole due to the observer's motion. TM Figure 1 illustrates this in an equal-area plot in galactic co-ordinates. The red band along the equator is not related to the CMB; it is local microwave radiation from our galaxy.
MAP has been designed to measure this anisotropy with sensitivity 50 times that of DMR and angular resolution 30 times finer, specifically 20 microKelvin and 0.23°, respectively, as shown in a simulation in Figure 2 . 5 These increases in sensitivity and resolution will enable scientists to determine the values of key cosmological parameters and to answer questions about the formation of structure in the early universe and the fate of the universe. 6
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Since the major error sources in the DMR data arose from COBE's low Earth orbit, MAP was placed in a Lissajous orbit around the Sun-Earth L2 Lagrange point to minimise magnetic, thermal, and radiation disturbances from the Earth and Sun. MAP attained its Lissajous orbit around L2 in early October 2001, about 100 days after launch, using a lunar gravity assist with three phasing loops. 7 This paper will give an overview of the Attitude Control System (ACS) that acquires and maintains the spacecraft orbit, implements the spin-scan observing strategy described below, controls the spacecraft angular momentum, and provides for safety in the event of an anomaly. More detail can be found in References 8 and 9.
https://ntrs.nasa.gov/search.jsp?R=20020060464 2019-10-26T18:36:42+00:00Z rotates at approximately l°/day with respect to the GCI frame. The body frame is centred at the spacecraft centre of mass with ZB axis parallel to the spacecraft centreline, directed from the instrument to the solar arrays, YB axis normal to the instrument radiator faces, and xB = YBX ZB, as shown in Figure 5 .
The IRU comprises two Kearfott Two-Axis Rate Assemblies (TARAs), one with input axes aligned with the zB and xB axes and the other with input axes aligned with the zB and y_ axes. This gives redundant rate inputs on the zB axis; the DSS outputs can be differentiated to provide rates on the other axes in the event of an IRU failure.
The boresights of the two Lockheed-Martin ASTs are in the +YB directions. Each AST tracks up to 50 stars simultaneously in its 8.8°square FOV, matches them to stars in an internal star catalogue, and computes its attitude as a GCI-referenced quaternion with accuracy of 21 arc-seconds (lc_) around its boresight axis and 2. The RWAs are Ithaco Type E wheels each with a momentum storage capacity of 80 Nms. The available reaction torque of each wheel is 0.3 Nm, but this is limited to 0.215 Nm by the MAP software to satisfy power constraints. The reaction wheel rotation axes are tilted 30°up from the xB-yn plane (toward the instrument) and uniformly distributed 120°apart in azimuth about this axis. The wheels serve the dual function of counterbalancing the body's spin angular momentum to maintain the system momentum (i.e. body plus wheels) near zero while simultaneously applying control torques to provide the desired spacecraft attitude. The wheel axis orientations result in all wheel speeds being biased away from zero, thus avoiding zerospeed crossings that would obtain if the wheel spin axes were oriented along the spacecraft body frame co-ordinate axes.
The propulsion system comprises eight monopropellant hydrazine Reaction Engine Modules (REMs) and associated hardware. Each REM generates a maximum thrust of 4.45 N. The use of an L2 orbit to avoid contamination by the Earth's magnetic field precludes the use of magnetic sensing or momentum unloading, since there is no appreciable magnetic field to perform these functions at L2. Thus the propulsion system used to carry out the orbit manoeuvres to reach and maintain the L2 orbit is also used to unload accumulated angular momentum from the reaction wheels. Gravity-gradient, atmospheric drag, and outgassing torques are significant in the phasing orbits prior to the lunar gravity assist; but the maximum accumulation of angular momentum from these sources is less than 1 Nms per orbit. Solar radiation pressure torque is the only significant disturbance torque at L2, and the uniform rotation of the spin axis reduces its average torque by more than two orders of magnitude compared to its instantaneous value. Angular momentum due to these disturbances is stored in the reaction wheels and is only unloaded at the conclusion of an orbit manoeuvre, no more than once every three months at L2.
Pre-flight calculations of angular momentum accumulation from solar radiation pressure gave estimates ranging from 0.0016 Nms per day to 0.065 Nms per day, depending on the accuracy of deployment of the solar arrays and the resulting symmetry of the spacecraft. 9 The worst-case estimate gives an angular momentum accumulation to the Observing Mode limit of 2 N-m-s in 31 days, which would require use of the propulsion system for unloading more frequently than desired.
Flight data indicates an angular momentum accumulation of less than 0.01 Nm per day, which meets the requirement of less than 2 Nms accumulation in three months.
ACS Operational Modes
There where _) = 1 rev / hour = 0.001745 tad / sec and I/?, = 0.464 rpm = 0.04859 rad / sec are the desired spin-scan rates, and S0 and _0 are set by the initial state. A commanded RSR-to-body quaternion q, and a commanded RSR-to-body angular rate vector m are computed from these Euler angles and rates by the standard equations, a°' _ An estimated spacecraft quaternion and estimated rates are computed using IRU, AST, and DSS measurements and a Kalman Filter. The desired control torque is computed in terms of an error quaternion and an angular rate error. _4 A feedforward term is added to reduce hangoff error; this term includes both the commanded angular acceleration and the gyroscopic term required to move the system momentum in the body frame as required by its constancy in inertial space. This torque is distributed to the RWAs using a torque distribution matrix defined by the orientation of the RWAs in the body co-ordinate system.
Inertial Mode
As shown in Figure 6 , Inertial Mode acts as a staging mode between the other operations of the spacecraft. This is an RWA-and lRU-based mode similar to Observing Mode, using the same Kalman Filter, but differs in that the commanded rates are zero and the feedforward terms are absent. Inertial Mode can either hold the spacecraft in an inertially fixed orientation or slew the spacecraft to a sequence of GCI-to-body quaternions in a Command Quaternion Table (CQT) uploaded from the ground. A slew is executed if the desired orientation is not close to the current spacecraft orientation.
Normal exits from Inertial Mode are by ground command only.
Delta V Mode
Delta V Mode, which uses the REMs to adjust the orbit in either the initial phasing loops or for L2 stationkeeping, is only 
Delta H Mode
Delta H Mode uses the REMs to unload spacecraft system angular momentum, which is computed using the IRU and RWA tachometers. It is used primarily upon exit from Delta V Mode; but entry can also be ground-commanded from Inertial
Mode if necessary, although this is not anticipated. The same pulse width modulator is used for Delta H as for Delta V, with the exception that all thrusters are operated in an on-pulsing manner for Delta H. If entry was from Delta V or Inertial Mode, the ACS autonomously transitions to Inertial Mode after the momentum has been reduced to less than 0.3 Nms.
Delta H Mode can also be entered from Sun Acquisition Mode, as discussed below, in which case the autonomous exit upon completion of the momentum unloading is back to Sun Acquisition Mode.
Sun Acquisition Mode
Sun Acquisition Mode uses the CSS, IRU, and RWAs to acquire and maintain a thermally safe power-positive orientation, with the spacecraft ZB axis within 25°of the Sun. Upon separation from the launch vehicle, the ACS is in Sun Acquisition
Mode, which must slew the spacecraft from any initial angle and any initial body momentum less than [13, 
Conclusions
The attitude control system described in this paper has successfully met the demanding requirements of the Microwave Anisotropy Probe mission. These include the need to function robustly far from the Earth where no magnetic field is useful for sensing or actuation, and with infrequent telemetry passes.
The processor upset on November 5 illustrated the importance of having a safemode control capability that is independent of the primary control hardware and software. 
